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Abstract
Oscillations of neutrinos L $ R in presence of an arbitrary electromag-
netic field is considered. We introduce the Hamiltonian for the neutrino spin
evolution equation that accounts for possible effects of neutrino magnetic  and
electric  dipole moments interaction with the transversal and also the longitu-
dial components of electromagnetic field. Using this Hamiltonian we predict the
new type of resonance in the neutrino oscillations L $ R in the presence of
the field of an electromagnetic wave and in combination of an electromagnetic
wave and constant magnetic field.
The electromagnetic properties of neutrinos are among the most interest-
ing issues in particle physics. Studies of the neutrino electromagnetic proper-
ties could provide an important information about the structure of theoretical
model of particle interaction. For instance, the discovery of the non-vanishing
neutrino magnetic moment, as well as the neutrino mass, would clearly indicate
that the Standard Model have to be generalized.
The non-vanishing neutrino magnetic moment also have crucial conse-
quences in astrophysics. As it have been shown in plenty of studies (see,
for example, 1−21) that have emerged during past decades, the neutrino con-
versions and oscillations produced under the influence of transversal constant
or twisting magnetic elds could be important for evolution of astrophysical
object, like the Sun and neutron stars, or could result in suciant eects while
neutrinos propagate through interstellar galactic media.
In this paper the neutrino oscilations in presence of electromagnetic eld
is considered. We propose the Hamiltonian for discription of the neutrino
spin evolution in presence of electromagnetic eld that enable us to consider
not only the neutrino oscillations in transversal constant or twisting magnetic
elds, but also to study the neutrino spin evolution in electromagnetic eld
congurations with non zero longitudial components. The performed consid-
eration generalize our previous results 23 on the neutrino oscillations in the
eld of an electromagnetic wave.
In 23 we have shown that equation for the neutrino spin evolution in pres-
ence of electromagnetic eld F can be derived on the basis of the Bargmann-
Michel-Telegdi equation 15 for the spin vector S of the neutral particle. For
the case when both of the neutrino static dipole moments (magnetic, , and
aE-mail: studenik@srdlan.npi.msu.su
1
electric, , moments) are not equal to zero, the equation for the three dimen-















 is a unit vector that is parallel with the neutrino momentum and
γ = (1 − 2)−1=2;  = v=c. The magnetic, ~B0, and electric, ~E0, elds in the
neutrino rest frame are given by
~B0 = γ
(


















~F? = ~F − ~n(~F~n); ~Fk = ~n(~F~n); ~F = ~Bor ~E; (3)
are the transversal and longitudial in respect to the direction of the neutrino
motion components of magnetic and electric elds in the laboratory frame.
The form of the eq.(1) is deternimed by the general conditions of the
Lorentz invariance and linearity over eld F . The quantities  and  can
be deternimed within the dynamical treatment based on exact expression for
the interaction Lagrangian. For this purpose we introduce the neutrino spin
tensor
S = ~~S; ~ = (1; 2; 3); (4)
that can be used for description of the neutrino spin states (here i are the
Pauli matrixes). The behaviour of S = S(t) is given by the evolution operator
U ,
S(t) = US(t0)U+; (5)
for which one can get (16) the Schro¨dinger type equation
i dU
dt
= − (~ ~R)U; (6)
where for the case of non zero magnetic  and electric  moments we obtain
~R = γ ( ~B0 + ~n) +

γ ( ~E0 + ~n): (7)
Now, in order to identify the quantities  and , let us compare the Hamil-
tonian of the Schro¨dinger type equation (6) with the Hamiltonian that was





− ~( ~B? + ~E?  ~n− ~( ~E? −  ~B?  ~n; (8)
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where A is a function of the neutrino vacuum mixing angle  which is de-
termined by the considered type of neutrino conversion process (for example,
A = 12 (cos  − 1) for eL $ eR). Then, taking into account dierent C, P,
and T transformation properties of terms of the Hamiltonian we come from
(6), (7), (2) and (8) to the following identication:








Finally we get the eective Hamiltonian that determines the evolution of




4E − V2 − 1γ (Bk + Ek)
− ~( ~B? + ~E?  ~n
−~( ~E? −  ~B?  ~n: (10)
Terms proportional to 1=γ2 are omitted here. Note that the dierence of
neutrino eective potentials in matter, V , may contain contributions from the
medium polarization by the logditudial magnetic eld that were studied in 22.
As it follows from (10) the eective Hamiltonian depends on the longitudial
components of the magnetic and electric elds, Bk and Ek. Terms proportional
to Bk, Ek are suppressed by a factor of 1=γ  1 for the case of relativistic neu-
trinos. However, for electromagnetic eld congurations with strong enough
components Bk and Ek these terms may be important. In particular, it means
that the longitudial component of the magnetic eld could aect the resonance
condition in the neutrino oscillations L $ R not only due to the polarization
of medium in longitudial magnetic eld 22, but also due to the interaction of
the neutrino magnetic moment with Bk.
Let us using the Hamiltonian (10) consider the neutrino spin procession
in combination of a eld of electromagnetic wave with frequency ! and a
longitudial magnetic eld Bk. We denote by ~e3 the axis that is parallel with ~n
and by  the angle between ~e3 and the direction of the wave propagation. For
simplicity we shall neglect terms proportional to the neutrino electric dipole
moment .
In this case the magnetic eld in the neutrino rest frame is given by
~B0 = γ








where ~e1;2;3 are the unit orthogonal vectors. For the electromagnetic wave of
circular polarization one can use
B1 = B cos ; B2 = B sin ;
 = g!t(1− 0 cos);
(12)
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where the phase of the wave depends on the wave speed in medium, 0 (0  1),
and g = 1 correspond to the two types of the wave polarization. Expanding
B0 over small parameter 1=γ  1 and neglecting terms which are proportional













−B(1−  cos)(~e1 cos − ~e2 sin ):
(13)
The exact solution of equation (6) for the neutrino spin evolution in this
conguration of electromagnetic elds can be obtained if one neglect the term
B1 sin in (13). This is a reasonable approximation in the case when Bk
is strong enough or when sin is small (the direction of propagation of the
electromagnetic wave is nearly parallel or anti parallel in respect to the neutrino
momentum). In this case the solution of eq.(6) for the evolution operator U
can be written in the form





The evolution operator U is a combination of the operator which discribes
rotation on the angle  − 0 = 2l(t − t0) around the axis ~l, and the rotation






4E −  ˙2 + 1γBk

~e3 − B(1 −  cos)(~e1 cos 0 − ~e2 sin 0):
(15)
The conversion probability among the two neutrino states, L and R, could
became sucient when the vector ~l is orthogonal or nearly orthogonal to the
axis ~e3.This will happen when the conditionV2 − ∆m2A4E −  ˙2 + 1γBk B(1−  cos) (16)
is valid.
The unequality (16) binds together the properties of neutrinos (, m2,
E, ) and medium (V ), as well as the direction of propagation, , and other
characteristics of the electromagnetic wave (the frequency !, the polarization
g, the speed in medium 0, the strength of the eld B) and the strength of
the longitudial magnetic eld Bk. Using the condition (16) we predict the
new type of resonances in the neutrino oscillations L $ R that can exist in
presence of the combination of electromagnetic wave and constant magnetic
eld. Taking Bk = 0 one nds from (16) the corresponding condition for the
case when the electromagnetic wave is only presented (see 23). The new eects
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